Abstract. Parkinson's disease (PD) is a neurodegenerative disease with multiple etiologies. Advanced glycation end products (AGEs) accumulate in the aging brain and could be one of the reasons for age-related diseases like PD. Oxidative stress also leads to the formation of AGEs and may be involved in neurodegeneration by altering the properties of proteins. ␣-Synuclein is involved in pathogenesis of PD and there are limited studies on the role of AGE-␣-synuclein in neurodegeneration. We studied the aggregation and DNA binding ability of AGE-␣-synuclein in vitro. ␣-Synuclein is glycated using methylglyoxal and formation of AGE-␣-synuclein is characterized using fluorescence studies, intrinsic tyrosine fluorescence, and fructosamine estimation. The results indicated that AGE-␣-synuclein aggregates into smaller globular-like aggregates compared to fibrils formed with native ␣-synuclein. Further, it is found that AGE-␣-synuclein induced conformational changes in scDNA from B-form to B-C-A mixed conformation. Additionally, AGE-␣-synuclein altered DNA integrity as evidenced by the melting temperature, ethidium bromide, and DNAse I sensitivity studies. AGE-␣-synuclein converted biphasic T m to higher monophasic T m . The T m of AGE-␣-synuclein-scDNA complex is more than that of native ␣-synuclein-scDNA complex, indicating that AGE-␣-synuclein stabilized the uncoiled scDNA. AGE-␣-synuclein could stabilize the uncoiled scDNA, as shown by the decrease in the number of ethidium bromide binding molecules per base pair of DNA. DNAse I sensitive studies indicated that both AGE-␣-synuclein-scDNA and ␣-synuclein-scDNA are resistant to DNAse I digestion. The relevance of these findings to neuronal cell death is discussed.
INTRODUCTION
Parkinson's disease (PD) is an age-related neurodegenerative disease characterized by progressive neuronal loss in the substantia nigra region of the brain. The etiology of PD is still not clear [1] . ␣-Synuclein is an important protein expressed in neurons and patho- logically involved in PD [2] [3] [4] and is localized in both the synapse and nucleus [5] . The normal function of ␣-synuclein is not understood yet, but studies showed that ␣-synuclein may be involved in synaptic development and vesicular binding [6] [7] [8] [9] . ␣-Synuclein localization in the nucleus indicates a possible role for the protein in the nucleus [10] [11] [12] [13] . Kontopoulos and colleagues [14] showed the localization of ␣-synuclein in nucleus in flies. Several studies have shown that ␣-synuclein binds to DNA [15] [16] [17] [18] [19] . The mechanism of ␣-synuclein in neuropathology is debatable [20] . Studies have also shown that aggregation of ␣-synuclein is the pathological event in the development of PD [21, 22] . ␣-Synuclein (140 aa) is natively in random coil conformation. The protein conformation is altered in disease condition and is in the aggregated form leading to neuronal cell death. Several factors like metals, oxidative stress, failure of proper protein degradation, and mutation in ␣-synuclein are linked to altered function of ␣-synuclein. Protein modifications like phosphorylation and glycation are linked to the ␣-synuclein aggregation process. Advanced glycation end products (AGEs) are formed when reducing sugars like glucose, react with amino groups of proteins/lipids/nucleic acids through non-enzymatic glycation [23, 24] . In the aging process, by the continuous and constant exposure of ␣-synuclein to normal levels of glucose in circulation may favor the formation of AGE-␣-synuclein and may aggravate further due to various insults and exposures including oxidative stress [25] . AGEs and ␣-synuclein are found in the brains of PD patients and are co-localized [26] . Recent studies have indicated that AGEs induce cross-linking in ␣-synuclein and thus accelerate aggregation of ␣-synuclein [26, 27] .
Oxidative stress is known to damage biomolecules like DNA and proteins leading to neuronal cell death [28] . AGEs are formed during hyperglycemia and oxidative stress conditions [26] . AGEs are a heterogeneous group of molecules formed via Maillard reactions and Schiff's base formation from the nonenzymatic glycation of reducing sugars with free amino groups of proteins, lipids, and nucleic acids. The high concentration of reducing sugars like glucose, fructose, and reactive dicarbonyls, such as methylglyoxal (MGO), glyoxal, 3-deoxy glucosone, are responsible for the glycation of proteins in brain [23, 29] . The role of MGO in inducing oxidative stress in aging and neurodegenerative disorders is widely debated [30, 31] . Also the role of free radicals and oxidative stress is widely implicated in the pathogenesis of PD [32] . Several factors like oxidative stress, depletion of antioxidant levels, and trace metal homeostasis increase the reactive molecules responsible for advanced glycation and this reaction may be involved in the pathogenesis of neurodegeneration, but the mechanisms are unclear [33] [34] [35] [36] .
Hence, in the present study, we investigated the effect of glycation and AGE formation on the aggregation and DNA binding properties of ␣-synuclein.
MATERIALS AND METHODS
␣-Synuclein was purchased from r-peptide (USA). Supercoiled pUC18 DNA (cesium chloride purified, 90% supercoiled structure, scDNA) was purchased from Banglore Genei, India. Agarose, HEPES, Tris, and EDTA were purchased from SISCO Research Laboratories. MGO, ethidium bromide, copper grids, aurinetricarboxylic acid (ATA), and MgCl 2 were purchased from Sigma (USA). Uranyl acetate was purchased from BDH Chemicals.
Preparation of AGE-α-synuclein and its characterization Preparation of AGE-α-synuclein
AGE-␣-synuclein was prepared by incubating 60 M of ␣-synuclein with 60 mM MGO in 10 mM PBS buffer (pH 7.4) at 37 • C for 144 h under sterile conditions. An aliquot (10 l) from the incubation mixture was taken and made to 500 l in PBS buffer pH 7.4 for the fluorescence analysis. The formation of AGE-␣-synuclein was analyzed for every 24 h days monitoring its fluorescence at Ex 340 nm and Em: 360-500 nm using HITACHI spectrofluorometer.
Circular dichroism of AGE-α-synuclein
The secondary conformation of ␣-synuclein and AGE-␣-synuclein was recorded on JASCO J700 spectropolarimeter at 25 • C with 2 mm cell length in the wavelength range between 200-320 nm in Tris-Cl buffer (5 mM, pH 7.4). The sample that was incubated with MGO for 144 h, was subjected to CD studies. The secondary conformation for each spectrum was the average of four scans.
Intrinsic Tyrosine fluorescence
Tyrosine intrinsic fluorescence spectra were recorded on a HITACHI 2000 spectrofluorimeter in quartz with a 1 cm excitation light path. For tyrosine intrinsic fluorescence ␣-synuclein containing solution was excited at 275 nm and emission monitored in the range from 295 nm to 350 nm. The maximum emission was observed at 304 nm. The concentration of ␣-synuclein for the intrinsic tyrosine fluorescence was kept at 2 M. In the present investigation, tyrosine intrinsic fluorescence was used to understand glycation induced folding in ␣-synuclein. The sample that was incubated with MGO for 144 h was subjected to intrinsic tyrosine fluorescence.
Analysis of fructosamine in AGE-α-synuclein
The amount of glycated ketoamine in AGE-␣-synuclein was estimated by fructosamine assay. The 144 h incubated sample (50 l) was mixed with 1 ml of carbonate buffer (pH 10.8) containing 0.25 mM NBT (Nitroblue tetrazolium) and incubated for 10 min. Absorbance of the above reaction mixture was measured at 530 nm at 5th and 10th minute. Fructosamine formation was compared with the standard DMF (1-deoxy-1-morpholine-D-Fructose).
Trypsin digestion
Proteolytic cleavage of proteins has been used as a probe of protein conformation and stability [37, 38] . We analyzed the proteolytic cleavage of AGE-␣-synuclein with trypsin in comparison with native ␣-synuclein. Trypsin digestion of ␣-synuclein and AGE-␣-synuclein were carried out according to the method described by Hegde et al. [16] . ␣-Synuclein and AGE-␣-synuclein were incubated with Trypsin (2 g) in Tris-HCl buffer (pH 7.4) for 1 h and 2 h. After proteolytic cleavage, the samples were immediately frozen at −20 • C. The trypsin digestion pattern was analyzed on 12% Tricine SDS-PAGE and stained with silver staining. Electrophoresis was carried out according to the method described by Laemmli et al. [39] .
Aggregation of AGE-α-synuclein
Preparation of α-synuclein and AGE-α-synuclein for aggregation studies ␣-Synuclein (50 M) was dissolved in 20 mM TrisHCl pH (7.4) and continuously stirred using magnetic bead (Teflon coated) in glass vials. We studied the aggregation as a function of time (0-96 h) and aliquots were taken at regular intervals of 8 h starting for 0 h to 96 h for thioflavin-T and TEM study. AGE-␣-synuclein (50 M) was also subjected to aggregation similar to ␣-synuclein and the aliquots were collected at regular intervals of 8 h starting from 0 h to 96 h.
Thioflavin-T assay
Thioflavin-T assay for the aliquots of the aggregation samples were carried out to monitor the ␣-synuclein aggregation. Thioflavin-T specifically binds to protein aggregates. The aliquots of ␣-synuclein aggregates were diluted to 10 M in 50 mM glycineNaOH buffer (pH 9.0). Assay solutions contained 10 M Thio-T and ␣-synuclein at a concentration of 5 M in 50 mM glycine-NaOH buffer, pH 9.0. Thioflavin-T fluorescence was measured at an Ex: 446 nm and Em: 482 nm using F4500 Hitachi fluorescence spectrometer. The background thioflavin-T fluorescence intensity was subtracted from the experimental values.
Transmission electron microscopy study
Transmission electron microscopy (TEM) studies were conducted to detect the presence of aggregates. 5 L of incubated sample is placed on carbon coated copper grid (200 mesh size) and allowed for one min and excess sample was blotted with filter paper. This process was repeated 2-4 times after which the grids were negative stained by adding a drop of 1% uranyl acetate (pH 5.1) on the grid and blotted with a filter paper after 10 s. The grids were completely dried so as to avoid moisture for TEM examination [40] . Four individual experiments were carried out for each sample. The samples were examined with a JEOL 1010 transmission electron microscope and the images were photographed.
DNA binding properties of AGE-α-synuclein Circular dichroism (CD) studies
The secondary conformation of scDNA in the presence of ␣-synuclein and AGE-␣-synuclein (at DNA/␣-synuclein mass ratios 1 : 4) was recorded on JASCO J700 spectropolarimeter at 25 • C, with 2 mm cell length in the wavelength range between 200-320 nm in TrisCl buffer (5 mM, pH 7.4). The secondary conformation for the each spectrum was the average of four scans.
Thermal denaturation studies
The melting temperature (T m ) profiles of the ␣-synuclein and AGE ␣-synuclein binding to scDNA were recorded in HEPES buffer (10 mM, pH 7.4) using spectrophotometer equipped with a thermostat programmer and data processor (Amarsham Biosciences, HongKong). The melting profiles were recorded with increase of 1 • C/min in the temperature range of 25-95 • C.
Ethidium bromide (EtBr) binding studies
The changes in the integrity of scDNA upon ␣-synuclein and AGE ␣-synuclein binding were studied by EtBr study. EtBr bound in moles per base pair of DNA was measured in Tris-Cl (10 mM, pH 7.4) using HITACHI F-2000 Fluorescence Spectrofluorimeter. The fluorescence was measured using a constant amount of scDNA (0.5 g) with increasing amounts of EtBr. The fluorescence measurements were monitored with an Ex: 535 nm and Em: 600 nm using 10 mm path length. The maximum amount of EtBr bound per base pair of DNA was calculated using Scatchard plots of 'r' vs 'r/Cf', in the DNA-EtBr reaction mixture at various titration intervals when increasing amount of EtBr was titrated to constant amount of DNA [41, 42] .
The concentration of bound EtBr in 1.0 mL dye-DNA mixture (Cb ) were calculated using the equation:
where Co = EtBr (pmoles) present in the dye-DNA mixture, F = observed fluorescence at any point of dye-DNA mixture, Fo = observed fluorescence of EtBr with no DNA, V = experimentally derived value, ratio of bound EtBr/free EtBr at saturation point. The concentration of free dye (Cf ) was then calculated by the relation
where Cf , Co , and Cb were expressed in pmoles. The amount of bound EtBr/base pair 'r' was calculated by r = Cb (pmoles)/DNA concentration (pmoles of base pair).
A plot with r vs r/cf is plotted, point where the straight line intersects the X-axis is denoted as 'n'. 'n' is the maximum amount of dye bound per base pair (n), where Cf = Cf × 10 15 M.
DNAse I sensitivity assay
DNAse I digests the DNA and the sensitivity of DNAse I digestion is a marker of DNA integrity. scDNA incubated with ␣-synuclein and AGE-␣-synuclein in the mass ratio of 1 :2 for 12 h and treated with DNAse I. The digestion of scDNA was monitored using spectrofluorimeter using ethidium bromide.
Statistical analysis
Data are expressed as mean ± SEM of triplicates. Statistical analysis of data was performed using oneway analysis of variance (ANOVA) with a Tukey's multiple comparison post-test and significance at * p < 0.05, * * p < 0.01 and * * * p < 0.001.
RESULTS

Preparation and characterization of AGE-α-synuclein
We characterized the AGE-␣-synuclein by fluorescence detection assay to confirm the glycation of ␣-synuclein. The native ␣-synuclein did not show any fluorescence (Fig. 1) . However, AGE-␣-synuclein showed an increase in fluorescence, confirming AGE formation in ␣-synuclein (Fig. 1) .
Next we studied the secondary conformation of AGE-␣-synuclein by Circular dichroism spectroscopy. ␣-Synuclein normally exists in random coil conformation (Fig. 2) . The CD spectra inferred that AGE-␣-synuclein also exists in random coil conformation (Fig. 2) . The data indicated that AGE formation in ␣-synuclein did not alter the secondary confirmation.
Further we studied the folding pattern of AGE-␣-synuclein by intrinsic tyrosine fluorescence assay. ␣-Synuclein contains four tyrosine residues and there was no tryptophan. Hence, the tyrosine fluorescence was used to monitor folding of ␣-synuclein [43] . The intrinsic tyrosine fluorescence was decreased for AGE-␣-synuclein, while intrinsic tyrosine fluorescence was increased for native ␣-synuclein (Fig. 3) . The data indicated that tyrosine molecules in AGE-␣-synuclein might have buried inside due to folding changes in AGE-␣-synuclein compared to native ␣-synuclein.
We next performed the analysis of fructosamine formation in AGE-␣-synuclein. Glycation involves formation of fructosamine in the reaction between MGO and amino groups of protein. To characterize the glycation of ␣-synuclein, fructosamine content was estimated. In native ␣-synuclein, fructosamine level was negligible, but in AGE-␣-synuclein, fructosamine concentration was 38.6 mmoles/50 g of protein (Fig. 4) .
We also performed the trypsin digestion pattern of AGE-␣-synuclein. Trypsin cleaves proteins into peptides at carboxyl ends of lysine and arginine. Fig. 5 indicated trypsin digestion pattern of ␣-synuclein and AGE-␣-synuclein. Trypsin completely cleaved native ␣-synuclein (Fig. 5) . But AGE-␣-synuclein partly cleaved by trypsin as evidenced by an intense tryptic peptide bands seen between 3.5 and 14.3 kD region (Fig. 5, lane 5, 6 ).
Aggregation of AGE-α-synuclein
We performed these series of experiments to understand the kinetics of aggregation of AGE-␣-synuclein compared to native ␣-synuclein. We first conducted Thioflavin-T binding assay to map the formation of aggregates in the aggregation assay. fibrils were formed. AGE-␣-synuclein did not show three phases. The data indicated that AGE-␣-synuclein was resistant for aggregation into fibrils (Fig. 6) .
We next performed analysis to understand the morphological difference of aggregates formed between ␣-synuclein and AGE-␣-synuclein. The TEM data in Fig. 7 clearly shows that there were no aggregates at 0 h in both ␣-synuclein and AGE-␣-synuclein. At 24 h, oligomers were formed. At 48 and 96 h, the matured aggregates were formed (Fig. 7) . The TEM data indicated that AGE-␣-synuclein showed less number of aggregates. 
DNA binding properties of AGE-α-synuclein
In order to determine if the DNA binding properties of AGE-␣-synuclein were altered, we first performed Circular dichroism (CD) studies. In CD spectrum, scDNA showed characteristic B-DNA conformation, having a positive peak at 272 nm and a negative peak at 245 nm (Fig. 8) . In the presence of ␣-synuclein, scDNA CD spectrum was altered in the near UV region with an increased 210 nm and 220 nm negative peaks (Fig. 8) . The spectra of scDNA-␣-synuclein complex are subtracted from the ␣-synuclein spectra alone of same concentrations. Taken together, these changes indicate that ␣-synuclein induces B-C-A mixed transition in scDNA [44] . AGE-␣-synuclein also induced B-C-A mixed conformation in scDNA (Fig. 8) .
We next performed thermal denaturation studies to understand the integrity of scDNA due to AGE synuclein binding. The melting temperature (T m ) profile of scDNA showed characteristic biphasic pattern. The first transition (T m1 ) was due to relaxation of supercoils in the scDNA and the second transition (T m2 ) was due to opening of double strands into single strands (Fig. 9) . The T m values of scDNA were T m1 = 54 • C and T m2 = 86 • C (Fig. 9) . ␣-Synuclein and AGE ␣-synuclein interaction with scDNA changed the biphasic pattern to monophasic T m . The monophasic T m values of scDNA-␣-synuclein and scDNA-AGE ␣-synuclein were 77 • C and 79 • C respectively. This data indicated that both native ␣-synuclein and AGE ␣-synuclein altered DNA integrity.
We next determined the integrity of scDNA by measuring the number of EtBr molecules bound per base pair of DNA using Scatchard plot. The number of EtBr molecules bound per base pair of scDNA alone was 0.28 ( Fig. 10) . The number of EtBr molecules bound per base pair of DNA for scDNA-␣-synuclein and scDNA-AGE ␣-synuclein were 0.21 and 0.20 respectively (Fig. 10) . The decrease in number of EtBr molecules bound per base pair indicated the binding of ␣-synuclein and AGE ␣-synuclein to scDNA. We further studied the changes in the integrity of scDNA due to binding of AGE-␣-synuclein by DNase I sensitivity assay. scDNA alone treated with DNase I showed an increase in the fluorescence indicating sensitivity of scDNA to DNAse I digestion. scDNA-␣-synuclein and scDNA-AGE-␣-synuclein complexes treated with DNAse I showed static fluorescence intensity as a function of time (Fig. 11) . The data in sighted that scDNA-␣-synuclein and scDNA-AGE-␣-synuclein showed resistance to DNAse I.
DISCUSSION
AGE formation is observed during PD. The role of metals, free radicals, and oxidative stress are widely implicated in the pathogenesis of PD [32, 45] . AGEs trigger toxic pathways in neuronal cells leading to the neuronal cell death [34] . Castellani and colleagues [46] reported immunoreactivity to AGEs in autopsy samples of brain regions in with Lewy bodies. Munch et al. [26] also reported that AGEs and ␣-synuclein are co-localized in PD brain samples. They showed that AGEs are involved in the cross-linking of ␣-synuclein and accelerating aggregation of ␣-synuclein [26] . In a recent report by Choi and Lim [47] , AGEs are shown to form in an MPTP mouse model of PD. In this mouse model, ␣-synuclein co-localizes with AGEs of N -(carboxymethyl)lysine (CML) and N -(carboxyethyl)lysine (CEL) in brain. All the above studies indicated that ␣-synuclein may also become glycated in PD.
␣-Synuclein is involved in the pathology of PD. ␣-Synuclein protein aggregates and forms Lewy bodies in the brains of PD [48] . The role of nuclear localization of ␣-synuclein has recently been the focus of attention. ␣-Synuclein is shown to interact with DNA and histone proteins in the nucleus altering the normal functions of DNA. In the context of the above findings, we analyzed the role of glycation in the aggregation and DNA binding properties of ␣-synuclein. ␣-Synuclein is glycated using MGO as a glycating agent. MGO is formed as an intermediate of glucose during Maillard and Schiff's base formation in all tissues including brain and more so during hyperglycemic conditions and oxidative stress [49] . Our results show that AGE-␣-synuclein had similar random coil conformation as that of native ␣-synuclein (Fig. 2) . Aggregation kinetics showed that AGE-␣-synuclein forms more globular-like aggregates than the fibrillar form aggregates. The above results are in accordance with that of Lee et al. [50] where they showed that glycated ␣-synuclein aggregates into small oligomeric forms. Chen and coworkers [51] also showed that glycation of ␣-synuclein with ribose resulted in the formation of molten globule-like structure in in vitro aggregation. Our results, along with other studies, indicate that glycation of ␣-synuclein results in the formation of oligomeric or globular structures. Recently, it has been debated that oligomeric forms of ␣-synuclein are more toxic than that of fibrillar structures. As glycation may lead to the formation of oligomeric forms of ␣-synuclein and since oligomeric forms are more toxic, it becomes important to focus on the role of AGE-␣-synuclein in the pathogenesis of PD.
The other major issue is the biology of nuclear localization of ␣-synuclein. Hegde and collaborators [16] reported first time that ␣-synuclein bind to DNA. Additionally, the authors showed that ␣-synuclein alter the DNA conformation from B-form to altered B form and also uncoils the supercoiled DNA to open a circular form [16] . It was previously shown that DNA binding alters the aggregation properties of ␣-synuclein [6, 18] . But there are no reports showing the effect of glycation on ␣-synuclein DNA binding properties. In our present study, plasmid supercoiled DNA is selected as a model system for DNA binding studies. Plasmid supercoiled DNA is analogous to eukaryotic small supercoiled DNA pockets and is known to be involved in gene expression. AGE-␣-synuclein induced conformational change in scDNA from B-form to B-C-A mixed conformation. Also AGE-␣-synuclein altered DNA integrity as evidenced by the melting temperature, ethidium bromide, and DNAse I sensitivity studies. AGE-␣-synuclein converted biphasic T m to higher monophasic T m similar to that of native ␣-synuclein.
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The T m of AGE-␣-synuclein-scDNA complex is more than that of native ␣-synuclein-scDNA complex, indicating that AGE-␣-synuclein stabilized the uncoiled scDNA. AGE-␣-synuclein and ␣-synuclein stabilization of the uncoiled scDNA is indicated by the decrease in the number of ethidium bromide binding molecules per base pair of DNA. DNAse I sensitive studies showed that both AGE-␣-synuclein-scDNA and ␣-synuclein-scDNA are resistant to DNAse I digestion.
In conclusion, our study indicates that AGE-␣-synuclein aggregates into smaller globular-like aggregates compared to fibrils formed with native ␣-synuclein. The binding association of AGE-␣-synuclein with DNA and alteration of the secondary conformation suggests that AGE-␣-synuclein may alter the DNA structure in the nucleus and thus may influence gene expression. Further in vivo studies in animal models are required to establish the pathological role of AGE-␣-synuclein.
